Histone demethylase JHDM1D (also known as KDM7A) modifies the level of methylation in histone and participates in epigenetic gene regulation; however, the role of JHDM1D in tumor progression is unknown. Here, we show that JHDM1D plays a tumorsuppressive role by regulating angiogenesis. Expression of JHDM1D was increased in mouse and human cancer cells under long-term nutrient starvation in vitro. Expression of JHDM1D mRNA was increased within avascular tumor tissue at the preangiogenic switch, along with increased expression of angiogenesis-regulating genes such as Vegf-A. Stable expression of JHDM1D cDNA or siRNA silencing of JHDM1D in cancer cells did not affect cell proliferation, anchorage-independent cell growth, or cell cycle progression in vitro. Notably, JHDM1D-expressing mouse melanoma (B16) and human cervical carcinoma (HeLa) cells exhibited significantly slower tumor growth in vivo compared with the original cells. This reduction in tumor growth was associated with decreased formation of CD31 + blood vessels and reduced infiltration of CD11b + macrophage linage cells into tumor tissues. Expression of multiple angiogenic factors such as VEGF-B and angiopoietins was decreased in tumor xenografts of JHDM1D-expressing B16 and HeLa cells. Our results provide evidence that increased JHDM1D expression suppressed tumor growth by down-regulating angiogenesis under nutrient starvation.
Histone demethylase JHDM1D (also known as KDM7A) modifies the level of methylation in histone and participates in epigenetic gene regulation; however, the role of JHDM1D in tumor progression is unknown. Here, we show that JHDM1D plays a tumorsuppressive role by regulating angiogenesis. Expression of JHDM1D was increased in mouse and human cancer cells under long-term nutrient starvation in vitro. Expression of JHDM1D mRNA was increased within avascular tumor tissue at the preangiogenic switch, along with increased expression of angiogenesis-regulating genes such as Vegf-A. Stable expression of JHDM1D cDNA or siRNA silencing of JHDM1D in cancer cells did not affect cell proliferation, anchorage-independent cell growth, or cell cycle progression in vitro. Notably, JHDM1D-expressing mouse melanoma (B16) and human cervical carcinoma (HeLa) cells exhibited significantly slower tumor growth in vivo compared with the original cells. This reduction in tumor growth was associated with decreased formation of CD31 + blood vessels and reduced infiltration of CD11b + macrophage linage cells into tumor tissues. Expression of multiple angiogenic factors such as VEGF-B and angiopoietins was decreased in tumor xenografts of JHDM1D-expressing B16 and HeLa cells. Our results provide evidence that increased JHDM1D expression suppressed tumor growth by down-regulating angiogenesis under nutrient starvation.
antiangiogenesis | epigenetics | nutrient deprivation | tumor microenvironment A ngiogenesis plays a critical role in tumor progression, invasion, and metastasis (1, 2) . Angiogenic factors such as vascular endothelial growth factor (VEGF)-A have been reported to stimulate angiogenesis under hypoxia (3, 4) . However, the regulation of angiogenesis under nutrient starvation remains to be clarified. In addition, epigenetic regulation of angiogenesis can be essential but has not been elucidated to date.
Histone demethylase JHDM1D (also known as KDM7A) is a member of the plant homeodomain (PHD) finger protein (PHF) family of PHD-and JmjC domain-containing histone demethylases, and it participates in epigenetic regulation (5) . PHF2 recognizes histone trimethyl H3K4 (H3K4me3) through its PHD, and this interaction is essential for histone H3K9me1 demethylation (6) . PHF8 demethylates monomethyl H4K20 (H4K20me1) with additional demethylase activities of H3K9me1 and H3K9me2 (7). PHF2 is highly expressed in embryonic neural tube and ganglia (8) . PHF8 regulates neural development, and mutations in PHF8 cause X-linked mental retardation (7, 9) . JHDM1D demethylates histone H3K9me2 and H3K27me2 (10) . Similar to PHF2/PHF8, JHDM1D may regulate neural differentiation and development in mammals (11, 12) . However, the mechanism of induction of JHDM1D and its role in tumor progression are unknown.
Antiangiogenic therapy effectively suppresses the growth of solid tumors, and it has been widely used clinically (13) (14) (15) . However, tumor responses to antiangiogenic therapy are not fully understood. We previously developed a simple model system to maintain cancer cells under hypoxia and nutrient starvation and demonstrated that long-term hypoxia and nutrient starvation may stimulate tumor aggressiveness (16) and affect host cells, causing leukemia in mice (17) . Thus, we hypothesized that a tumor microenvironment associated with nutrient starvation can be important for the regulation of tumor progression. In this study, our aim was to elucidate the epigenetic regulation of cancer cells under nutrient starvation to improve antiangiogenic treatment. We examined the role of JHDM1D in tumor progression by using cancer cells stably expressing JHDM1D and found that JHDM1D suppresses tumor growth by regulating, at least in part, tumor angiogenesis under nutrient starvation.
Results
Histone Demethylase JHDM1D Was Highly Expressed Under Nutrition Starvation. To determine the effect of nutrient starvation on the specific up-regulation of histone demethylase genes, microarray screening was conducted under hypoxia and nutrition starvation. We found that JHDM1D was commonly up-regulated under nutrient starvation, and hypoxia and nutrient starvation doubledeprivation stress (DDS) in human cancer cells. To more clearly investigate whether JHDM1D is induced in response to nutrient starvation, we examined the mRNA expression of JHDM1D under normoxia, hypoxia, nutrient starvation, and DDS in mouse (B16 and HSML) and human (HeLa, HepG2, A431, and T98G) cancer cells. JHDM1D mRNA expression was highly up-regulated in response to nutrient starvation and DDS in various cancer cells (Fig. 1A) , in addition to normal cells (HLMVEC and THP-1) (Fig. S1A) , in vitro. JHDM1D mRNA expression was prominently increased under long-term nutrient starvation (48-72 h) in mouse and human cancer cells (Fig. 1B) . Because JHDM1D mRNA expression was increased under nutrient starvation, we examined the protein expression levels of JHDM1D in response to nutrition starvation. JHDM1D expression was increased in response to nutrient starvation in cancer cells (approximately twofold in HeLa, HepG2, and A431 cells and threefold in T98G cells) (Fig. 1C) , but the total methylation Fig. 2 A and B) . We found that mRNA expression of JHDM1D was significantly upregulated in avascular tumor tissue at the preangiogenic switch on day 2 (Fig. 2C) . Hypoxia-inducible proangiogenic factors such as Vegf-A (4) were highly expressed in the avascular tumor tissue on day 2 (Fig. 2C) . The expression of several proangiogenic genes was not significantly increased in avascular tissue ( Fig. 2C and Fig. S1B) . Notably, expression of the antiangiogenic factor Tsp-1 was also significantly up-regulated in avascular tissue on day 2. Together, these data indicate that the balance between proangiogenic and antiangiogenic factors is important for the angiogenic switch. The avascular tumor tissue is not only hypoxic but also nutrient-starved, and JHDM1D may play a role at this stage (Fig. 2C) .
Induction of JHDM1D Significantly Suppressed in Vivo Tumor Growth, Although JHDM1D Had a Minor Effect on in Vitro Cell Growth. To investigate the role of hJHDM1D in tumor progression, we generated B16 and HeLa cells stably expressing hJHDM1D (B16-hJHDM1D and HeLa-hJHDM1D, respectively) by retroviral transfection (Fig. 3 A and B) . The introduction of hJHDM1D into B16 and HeLa cells did not affect cell proliferation under both growth-rich and nutrient-starved conditions in vitro (Fig. 3 C and D) . We further examined the fate of JHDM1D-expressing cells under starvation over 72 h. Cell survival or death was not affected for 96 or 120 h, suggesting that there was no significant difference in autophagy between the cells expressing JHDM1D and control cells for 120 h (Fig. S2A) . Stable expression of hJHDM1D in B16 and HeLa cells did not affect anchorage-independent cell growth in vitro ( Fig. 3 E and  F) . Consistent with these data, silencing of hJHDM1D by two different siRNAs against hJHDM1D had no effect on the proliferation of HeLa cells under both growth-rich and nutrientstarved conditions (Fig. S2B) . In addition, cell cycle histograms of JHDM1D-expressing cells were examined, because a family member, PHF8, has been reported to regulate cell cycle progression (18) . JHDM1D-expressing B16 and HeLa cells exhibited minor alterations in cell cycle progression under both growth-rich and nutrient-starved conditions (Fig. S3) . Although JHDM1D had only a small effect on in vitro cell growth, JHDM1D may play a role in in vivo tumor growth (Fig. 2) . To investigate the role of JHDM1D in in vivo tumor growth, 1 × 10 7 B16-hJHDM1D and HeLa-hJHDM1D cells were s.c. inoculated into C57BL/6J (n = 8) and C.B17/Icr-scidJcl scid/scid mice (n = 3), respectively. We confirmed that JHDM1D overexpression was maintained in vivo (Fig. S4A) . Tumor growth was significantly suppressed in mice inoculated with both B16-hJHDM1D and HeLa-hJHDM1D cells compared with the control cells (Fig.  3 G and H) . Conversely, JHDM1D depletion by siRNA significantly stimulated tumor growth in vivo (Fig. S5) . In addition, adenoviral infection of mVEGF 164 decreased the inhibitory effect of JHDM1D on the tumor growth of HeLa cells in vivo (Fig. S6) . + blood vessels and infiltration of CD11b + and F4/80 + macrophage lineage cells were significantly decreased in a tumor xenograft of hJHDM1D-expressing cells (Fig. 4 A and B and Fig. S7A ). Blood vessel functionality and coverage of pericytes (αSMA1 + ) on CD31 + blood vessels were not significantly different between the control and JHDM1D-expressing tumor vasculatures (Fig. S7B) , suggesting that JHDM1D participates in antiangiogenic effects. As a result, tumors expressing JHDM1D were more apoptotic than control cells (Fig. S8) .
To investigate whether the antiangiogenic effects of the JHDM1D-expressing tumor were attributable to the regulation of angiogenic factors, the mRNA expression of major angiogenic factors in tumor xenograft samples of hJHDM1D-expressing B16 (Fig. 4C and Fig. S9 A and B) . The expression levels of tumor (human origin)-or host (mouse origin)-derived angiogenic factors were separately examined using human-and mouse-specific primers against major angiogenic factors in tumor xenograft samples of hJHDM1D-expressing HeLa cells. The expression levels of tumor-derived hVEGF-B, hVEGF-C, hVEGF-D, and hFGF-2, as well as host-derived mAng1, were significantly decreased in tumor xenograft samples of hJHDM1D-expressing HeLa cells compared with that in control cells (Fig. 4C and Fig.  S9A ), suggesting that JHDM1D plays a role in the regulation of multiple angiogenic factors in the nutrient-starved tumor microenvironment, resulting in the suppression of tumor growth.
Discussion
We have shown that the histone demethylase JHDM1D is highly expressed in various cancer cells in response to nutrient starvation, and that subsequent suppression of solid tumor growth was associated with the down-regulation of several proangiogenic factors such as VEGF-B and angiopoietins. The ability of cancer cells to adapt to nutrient deprivation is important for tumor progression (19, 20) ; this ability is partly derived from alterations in tumor metabolism, including an enrichment of glycolysis (Warburg effect) (21, 22) . Adaptation of prokaryotic cells to nutrient starvation has been reported as a stringent control in which cells terminate cell proliferation to synthesize required nutrient components (23, 24) . Similar control in mammalian cells could be very important, but this control has not yet been identified. We found that JHDM1D, a member of the PHF2/PHF8 histone demethylase family, is highly expressed under nutrient-deprivation conditions in various cancer cell lines and normal cells in vitro (Fig. 1) and in avascular tumor tissue in vivo (Fig. 2) . Thus, JHDM1D appears to be important for the epigenetic control of mammalian cells under nutrient starvation.
JHDM1D has been shown to be involved in neural development (11, 12), but its role in tumor progression has not been elucidated. Histone demethylase family proteins such as UTX (also known as KDM6A), JMJD3 (also known as KDM6B), and JMJD5 (also known as KDM8) are involved in tumor progression (25, 26) . KDM6A and KDM6B are induced by the human papillomavirus (HPV), and stimulate the expression of cyclin-dependent kinase inhibitor p16
INK4A (25) . KDM8 demethylases H3K36me2 and modulates cell cycle progression by regulating cyclin A (26) . Recently, PHF8 closely related to JHDM1D (5) was shown to regulate cell cycle progression (18) . We examined the role of JHDM1D in cell growth, anchorageindependent tumor growth, and cell cycle progression. JHDM1D had a minor effect on cell growth and cell cycle progression, but it significantly suppressed tumor growth in vivo (Fig. 3 and Fig.  S3 ). These data suggest an alternative mechanism of JHDM1D in cancer cells, other than cell proliferation and cell cycle regulation.
Angiogenesis is regulated by multiple proangiogenic and antiangiogenic factors (1, 2) . Under hypoxia, stabilization of hypoxia-inducible factor (HIF)-1α promotes angiogenesis by transcriptional up-regulation of VEGF-A and Glut1 (27) . Hypoxia alters tumor metabolism (28) and may maintain the stemness of cancer cells (29) . On the other hand, few studies have reported the regulation of angiogenesis under nutrient starvation. We previously demonstrated that multiple angiogenic genes such as Ang2 and Tie2 were regulated under hypoxia and nutrient starvation, suggesting an importance of the epigenetic regulation of angiogenesis in the extreme tumor microenvironment (16) . Here, we identified JHDM1D as an epigenetic regulator of tumor angiogenesis under nutrient starvation; angiogenesis (i.e., formation of CD31 + blood vessels) and the infiltration of CD11b + and F4/80 + cells into tumor xenografts of JHDM1D-expressing cells were significantly decreased (Fig. 4 A and B and  Fig. S7A ). In addition, the expression of several proangiogenic factors, including VEGF-B and angiopoietins, was decreased by the induction of JHDM1D within tumor tissues (Fig. 4C) . The expression of JHDM1D decreased the formation of CD31 + blood vessels and the infiltration of CD11b + and F4/80 + macrophages. JHDM1D expression also induced a delay in the initiation of tumor growth possibly by suppressing the process of angiogenic switch in tumor tissue (Fig. S4B) . Thus, JHDM1D plays a negative role in angiogenesis under nutrient starvation, and may lead to tumor mass dormancy until proliferation is reactivated. In the reduced tumor growth of JHDM1D-expressing cells, there are some possibilities such as angiocrine effect (30) , reduced dependence on blood vessels (31) , and other effects (32) .
We found that in response to nutrient starvation, cancer cells commonly up-regulated JHDM1D and suppressed angiogenesis. Continuous up-regulation of JHDM1D in tumor cells using an expression vector could result in effective suppression of tumor progression. On the basis of our results, tumor-oriented promoters or nutrient starvation-dependent promoters/enhancers could be used for small-molecule screening of agents that effectively induce JHDM1D. Following antiangiogenic therapy, up-regulation of JHDM1D could be used as an anticancer strategy agent to improve antiangiogenic effects.
Materials and Methods
Cell Culture and Nutrient Starvation. Human cervical carcinoma (HeLa), hepatocellular carcinoma (HepG2), epidermoid carcinoma (A431), glioblastoma (T98G), rhabdomyosarcoma (A673), and murine melanoma (B16) cell lines were purchased from the American Type Culture Collection. The murine uterine cancer cell line HSML was kindly provided by Dr. Kudoh (Hirosaki University, Hirosaki, Japan). All cells were maintained in DMEM (Nacalai Tesque) supplemented with 10% FBS at 37°C in an atmosphere of 5% CO 2 , excluding HSML cells, which were maintained in RPMI medium 1640 (Nacalai Tesque). Nutrient deprivation was conducted as previously described and as indicated in SI Materials and Methods (16).
Cell Proliferation Assay. Cell proliferation was measured by the sulforhodamine B assay as previously described (16) .
Gene Expression Analysis Using Real-Time PCR. Total RNA was extracted from cells using the Isogen reagent (Nippon Gene) and converted to cDNA with Prime Script reverse transcriptase (Takara) according to the instructions of the manufacturer and used for quantitative real-time PCR amplification using SYBR Green (Takara) ( Table S1 ).
Western Blotting. Cell lysates were applied to a 10% or 12.5% polyacrylamide gel and transferred to a poly(vinylidene difluoride) membrane (Invitrogen).
The membrane was incubated with rabbit polyclonal anti-JHDM1D antibody, histone dimethyl H3K27 and histone H3 (Abcam), or mouse monoclonal antihistone dimethyl H3K9 (Abcam) and β-actin antibody (1:1,000; Millipore), followed by horseradish peroxidase-conjugated secondary antibodies (GE Healthcare). Signals were detected using enhanced chemiluminescence detection reagents (GE Healthcare) and were acquired with a luminescent image analyzer (LAS-3000; Fujifilm).
Colony Formation Assay. Cells were suspended in DMEM containing 0.6% methylcellulose (Wako) supplemented with 10% FBS and were seeded onto six-well plates at a density of 1-2.5 × 10 4 cells per well in triplicate. After 7-10 d, anchorage-independent colonies were counted using a microscope.
Retroviral Transfection of JHDM1D. A PMX-puro retroviral vector containing full-length human JHDM1D was transfected by the pantropic platinum-GP retroviral packaging cell line (PlatGP) (33) using Fugene 6 transfection reagent (Roche). Target cells were infected overnight with the vs.v-virus/polybrene-containing supernatant. After infection, the colonies were selected in a medium containing 1.5 μg/mL puromycin.
Animal Studies and Tumor Xenograft. Murine B16, HSML, or human HeLa cells (1 × 10 7 ) were s.c. injected into C57BL/6J or C.B17/Icr-scidJcl scid/scid mice. Tumor volume was measured and analyzed using the Student t test. All animal care procedures were in accordance with institutional guidelines approved by Tokyo Medical and Dental University.
Immunohistochemical Staining and Analysis. Freshly frozen tumor samples were cut at a thickness of 14 μm by a cryostat (Leica) and were stained with hamster anti-CD31 (BD Biosciences) and rat anti-CD11b (BD Biosciences). Sections were incubated with the appropriate secondary antibody and the nuclear-staining dye To-Pro-3 (Invitrogen), and then analyzed with a confocal microscope (Radiance 2000; Bio-Rad).
